The electrical breakdown characteristics of the rf capacitive plasma source are investigated theoretically and experimentally. The plasma source is the electrode type consisting of the concentric cylinders for generating nonequilibrium plasma at atmospheric pressure. The theoretical model based on the diffusion-controlled breakdown mechanism is proposed to analyze the electrical breakdown phenomenon in this rf capacitive plasma source of the coaxial cylinders. The electron temperature at the electrical breakdown is calculated from the theoretical model, thereby evaluating the electrical breakdown voltages. The experimental data of the electrical breakdown voltage are measured with respect to the variation of the geometric parameters of plasma source, the gas temperature, and the concentration of the foreign reactive gases ͑oxygen and nitrogen͒ mixed in the helium gas. The theoretical results of the electrical breakdown voltage agree remarkably well with experimental data. This indicates that not only the electron temperature is important in determining the electrical breakdown voltage, but also the geometric variables, the gas temperature, and the scattering cross sections of molecules play significant roles.
I. INTRODUCTION
A low temperature plasma source at atmospheric pressure produces nonequilibrium plasma, which exhibits the characteristics of a low pressure glow discharge with low gas temperature from 50 to 400°C, high electron temperature about several electron volts, and the density of the charged species ranging from 10 10 to 10 13 cm −3 . 1 Moreover, the atmospheric pressure plasmas can provide a critical advantage over the widely used low pressure plasmas, which do not require expensive and complicated vacuum systems. So the atmospheric pressure plasmas initiate many application researches such as etching, deposition, surface modification, and sterilization. [2] [3] [4] [5] This has prompted recent development of a number of novel atmospheric pressure plasma sources, including the atmospheric pressure plasma jet ͑APPJ͒, the cold plasma torch, the one atmosphere uniform glow discharge plasma, micro-hollow cathode discharge, and surface-wave discharge. [5] [6] [7] [8] The electrodes consisting of the coaxial cylinders are usually employed in APPJ and the cold plasma torch. The ignition of the electrical discharge at atmospheric pressure is harder than at low pressure due to the short mean free path for accelerating electrons, and typically requires much higher voltage in excess of 1 kV. The high electrical breakdown voltage readily causes discharge instability appearing in the form of streamer and filamentary discharge, as in the case of dielectric barrier discharges ͑DBD͒. Therefore, one of the important issues in the atmospheric pressure plasma source is to lower electrical breakdown voltage so as to obtain a stable plasma and enhance the electrical efficiency for plasma generation. 9 In this article, we investigate theoretically and experimentally the electrical breakdown characteristics of the rf capacitive plasma source with the electrodes of the concentric cylinders for generation of nonequilibrium plasma at atmospheric pressure. In Sec. II, the theoretical model is developed based on diffusion-controlled breakdown mechanism and Eq. ͑6͒ is established with regards to the electrical breakdown phenomenon in the plasma source with the electrodes of concentric cylinders driven by the rf power supply, by means of which the electron temperature at electrical breakdown occurrence can be determined, thereby the electrical breakdown voltage is theoretically calculated. The experimental schematics are presented in Sec. III for the investigation of geometric size effect of plasma source, the gas temperature effects, and the influence of the foreign reactive gases ͑oxygen and nitrogen͒ mixed in the helium gas on the electrical breakdown voltage, respectively. In Sec. IV, the experimental results are illustrated and interpreted quantitatively by means of Eq. ͑6͒, demonstrating satisfactory agreement between the theory and experiments. Finally, we summarized our works.
II. THEORETICAL MODEL
In the plasma source consisting of the concentric electrodes, when the voltage in the form of V 0 e −jt at radio frequency f = 13.56 MHz is applied on the electrodes, the electrical field in the annular space between the cylindrical electrodes is induced instantaneously as follows:
where a is the radius of inner cylindrical electrode, b is the radius of outer cylindrical electrode, and =2f is the an-gular frequency. The amplitude of the electrical field intensity is
The electrical breakdown in the space between the concentric electrodes occurs first in the periphery layer on the surface of inner electrode where the electrical field is the strongest in the annular space as indicated in Eq. ͑2͒. The thickness of the periphery layer of discharge is about several times the electron oscillation amplitude given by x m = eE 0 / ͑m ·2f · c ͒ with −e the electron charge, m the mass of electron, c the collision frequency at atmospheric pressure, and f the radio frequency equal to 13.56 MHz, 11 which is estimated to be 0.30 mm at radio frequency for E / p =3 V cm −1 Torr −1 . With the input power increasing further, the discharge plasma expands outward gradually from the vicinity of the inner electrode, finally fills all the discharge space, and evolves into glow discharge as a whole until the arc discharge occurs.
Electron cutoff frequency in coaxial cylinders was derived by Giao and shown as f co = a e E 0 / ͑b 2 − a 2 ͒ in terms of the geometry size of the concentric cylinders, a and b, the electron mobility e , and the electrical field intensity E 0 . 10 The operating radio frequency under our experimental situation is much higher than electron cutoff frequency and lower than the electron collision frequency at atmospheric pressure given by c = 2.37ϫ 10 9 p͑Torr͒ Hz, that is, c ӷ f ӷ f co . Therefore, electrons are trapped in discharge space and cannot reach either electrode, and they will be lost only by diffusion, recombination, and/or attachment. Correspondingly, the changing rate of the electron density is described by the continuity equation for electrons as follows:
where i is the ionization frequency, a is the attachment frequency, and ␤ is the recombination coefficient. The collision frequency c at atmospheric pressure is much higher than radio frequency f as aforementioned, i.e., c ӷ f, so it is reasonable to represent the ionization frequency i with the electron drift mobility e and the ionization coefficient ␣, i.e., i = e ␣ = E 0 e ␣, and the attachment frequency a in terms of the electron drift mobility e and the attachment coefficient , i.e., a = e = E 0 e , respectively. The third term on the right-hand side of Eq. ͑3͒ represents the electron flux due to the diffusion with ⌫ e =−D e · ٌn e , and the fourth term is owing to the recombination loss. Prior to electrical discharge, it is free electron diffusion that is responsible for controlling electron loss instead of ambipolar diffusion, for the electron density is so low that the ambipolar electrical field between charges is very weak. And the electron diffusion coefficient D e is so large that the diffusion time determined by diffusion coefficient is much smaller than the recombination time, moreover, the density of charged particles in the recombination process decays reciprocally with time elapsing, whereas decay due to diffusion is exponential. 12 Hence, in the electron continuity equation ͑3͒, we neglect the trivial term related to recombination process by letting ␤ = 0. The electrical breakdown occurs when n e is in the steady state with ‫ץ‬n e / ‫ץ‬t = 0 in Eq. ͑3͒. Consequently, the electrical breakdown criterion is obtained as follows;
For the diffusion and drift motions of electron, there is established Einstein's relationship as D e / e = T e , where T e is in the unit of electron volts, and the electron temperature T e is proportional to the product of the electron mean free path e and the electrical field E 0 , that is,
in which is the thermalization form factor of electron energy. 13 The electron diffusion from the peripheral layer around the inner electrode to the outer layers is described by the formula, ٌ 2 n e / n e =−1/⌳ eff 2 , by employing the effective characteristic diffusion length ⌳ eff .
14 Then, the previously derived electrical breakdown criterion, Eq. ͑4͒, is further reduced as follows:
In the annular space between the concentric electrodes where the diffusion occurs, it is difficult to find the exact relation between the effective characteristic diffusion length and the geometrical size of both electrodes, however, it is reasonably assumed that the effective characteristic diffusion length is proportional to radial length of the annular discharge space, that is,
where the coefficient d c represents the proportional constant and is determined by experimental data later. Therefore, the electron temperature T e at electrical breakdown can be calculated with Eq. ͑6͒, whereby the breakdown voltage is further obtained by making use of Eqs. ͑5͒ and ͑2͒. In our work, Eq. ͑6͒ is employed to investigate the electrode size effect and the gas temperature effect as well as the influence of foreign reactive gases in helium gas on the electrical discharge in the rf capacitively coupled concentric electrodes at atmospheric pressure, respectively, and the theoretical results are compared with the experimental data.
III. EXPERIMENTAL SETUP
The schematic of the experimental setup is illustrated in Fig. 1 , where the plasma source consists of two coaxial cylinders, the inner powered cylindrical electrode and outer grounded cylindrical electrode, and the plasma generates in the annular space between these two cylindrical electrodes. The length of the reactor is fixed at 12 cm and the radius of the outer cylindrical electrode is at 0.95 cm, while the radius of the inner cylindrical electrode varies. The heating coils are wound around the outer cylindrical electrode to raise the gas temperature from room temperature 20°C until to 350°C. The working gas, helium ͑99.9995% pure͒, and the additive gases, nitrogen and oxygen, are fed into the plasma source through the mass flow controller and gas mixture at a flow rate of 10 lpm. The electrical breakdown occurrence is monitored with oscilloscope ͑Tektronix TDS 320 with a bandwidth of 100 MHz͒ and the rms value of breakdown voltage is measured by the high-voltage probe ͑Tecktronix P6015A with a bandwidth of 75 MHz͒. The rf generator operating at 13.56 MHz is connected to the plasma source through the matching network.
IV. RESULTS AND DISCUSSION

A. Geometry size effects of electrodes on electrical breakdown
Helium is electron free gas and no electron attachment occurs in pure helium gas. Hence it is diffusion-controlled electrical discharge in pure helium gas. Then keeping the diffusion loss term and eliminating the attachment loss term by letting = 0 in Eq. ͑6͒ and taking Eq. ͑7͒ into account, we
in which the ionization coefficient ␣ of the discharge gas due to electron impact on neutrals is usually expressed as 15, 16 ␣͑T e ͒ = 2
where th is the thermal velocity of electrons, d is the drift velocity of electrons along the electric field E, n 0 = 2.5 ϫ 10 19 cm −3 is the neutral density at one atmospheric pressure and room temperature, q is the increase rate of the ionization cross section in units of cm 2 / eV, and i is the neutral ionization energy in units of eV. The electron temperature T e is in units of eV. For helium gas, it is given that q = q He = 1.26ϫ 10 −18 cm 2 / eV and i = He = 24.5 eV. 17 The increase rate q represents the profile of the ionization cross section, including its size. Equation ͑9͒ has been obtained by assuming that the electron energy distribution is Maxwellian for high-pressure discharge at which collision occurs quite frequently. In weakly ionized plasmas at high-pressure discharge, the thermalization form factor defined in Eq. ͑5͒ is related to the ratio of the thermal velocity to the drift velocity by th / d = 1.25. 11 Moreover, Eq. ͑5͒ shows the relationship between the electrical field intensity E 0 and the electron temperature T e and the mean free path length of electron is given by
in which neutral density n 0 = 2.5ϫ 10 19 cm −3 and cross section He = 5.5ϫ 10 −16 cm −2 at one atmospheric pressure and room temperature for helium gas. 19 Then substituting Eqs. ͑5͒, ͑9͒, and ͑10͒ into Eq. ͑8͒, we obtain
by which the electron temperature T e at electrical breakdown occurrence is determined at given geometric sizes of plasma source, a and b. Substituting all the values available into Eq. ͑11͒, the electron temperature with variation of radius of inner electrode a is calculated when the radius of outer electrode b is fixed at 0.95 cm, and they are plotted in Fig. 2 for the coefficient d c assumes the value equal to 0.25. The electron temperature increases monotonously with the radius of the inner electrode increasing, which is attributed to the fact that the diffusion spacing between electrodes becomes smaller when the radius of the inner electrode increases whereas that of the outer electrode keeps the fixed value of 0.95 cm. Furthermore, substituting E 0 from Eq. ͑5͒ into Eq. ͑2͒, the electrical breakdown voltage V B is expressed as follows:
Here, the electron temperature T e is in units of electron volts and determined by Eq. ͑11͒. Putting the mean free path length of electron in pure helium expressed by Eq. ͑10͒ into Eq. ͑12͒, we obtain the electrical breakdown voltage in terms of the electron temperature T e , neutral density n 0 at one atmosphere, and total scattering cross section He as follows: 
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which also describes the relationship between the electrical breakdown voltage and the geometrical sizes of the plasma source, radius of inner electrode a and that of outer electrode b. In Eq. ͑13͒, the thermalization form factor for helium gas must be determined for further discussion, and it can be figured out 13 by comparing the ionization coefficient of Eq. ͑9͒ with the first Townsend ionization coefficient ␣ = hp · exp͑−g · p / E 0 ͒ with the knowledge of h He =3 cm −1 Torr −1 and g He =24 V cm −1 Torr −1 for helium gas at an E 0 / p value ranging from 3 V cm −1 Torr −1 to 20 V cm −1 Torr −1 , which are obtained experimentally and tabulated in the literature. 18 It is noted that the thermalization form factor is not constant but dependent of the value E 0 / p. By making use of Eq. ͑5͒, the thermalization form factor of helium gas can be evaluated at given electron temperature T e with the following relation:
since the parameters appearing in Eq. ͑14͒ are known and given previously. And in the following analysis Eq. ͑14͒ is employed with the Eqs. ͑11͒ and ͑13͒ to numerically calculate the electrical breakdown voltage with respect to the geometrical size of the concentric electrodes. Figure 3 illustrates the experimental results when we fix the radius of outer electrode b at 0.95 cm and vary the radius of inner electrode a for a series of values. The rectangular points represent the experimental data and the solid line is the calculated results with Eq. ͑13͒ in which the electron temperature is calculated by Eq. ͑11͒ and shown in Fig. 2 where the coefficient d c assumes the value of 0.25. Here we noticed that the actual radius of inner electrode a must be replaced with effective radius aЈ equal to the radius of inner electrode a plus the value of several electron oscillation amplitude ␦ since the thickness of the periphery discharge layer on the inner electrode cannot be ignorant as aforementioned in Sec. II, that is, aЈ = a + ␦. In our case, ␦ takes the value of about 0.12 cm ͑four times the electron oscillation amplitude͒ which is determined by fitting the theoretical results to experimental data and its verification is confirmed by the latter comparison between theoretical results and experimental data where ␦ is assumed to be the obtained parameter for consistency. Due to the curvature effect of cylindrical electrodes, although the breakdown voltage is proportional to the electron temperature and the electron temperature increases monotonously as the radius of the inner electrode increases and approaches the value of the outer electrode radius, the electrical breakdown voltage increases first, reaches its maximum value at radius of inner electrode a equal to about 0.26 cm, and then declines as shown in Fig. 3 . This shows that the theoretical model describes the variation of the breakdown voltage versus the radius of the inner electrode very well, and the theoretical results and the experimental data are fitted with each other quantitatively when the coefficient d c assumes the value of 0.25 and ␦ takes the value of about 0.12 cm ͑four times the electron oscillation amplitude͒ in our experiment.
B. Temperature dependence of electrical breakdown
In the investigation of the effect of gas temperature on the electrical breakdown, we consider the temperature influence on the electron mean free path length. In our concerned mediate temperature range varying from 20°C to 350°C, this consideration is satisfactory to some accurate extent in the analysis of the experimental data as addressed in the following discussion. The experimental results are illustrated in Fig. 4 , where the radius of outer cylindrical electrode b is equal to 0.95 cm and the radius of inner electrode a is 0.2 cm. It is noticed that the breakdown voltage declines with increasing gas temperature, as we expected. The breakdown voltage of helium gas reduces by half with the gas temperature increasing from 20°C to about 350°C. Since the gas temperature fluctuation occurs, the error bar of the measured data is much bigger than that shown in Fig. 3 . The experimental observation of temperature dependence of the electrical discharge can also be interpreted by means of previously derived Eq. ͑12͒. The electron temperature T e has been obtained from Eq. ͑11͒ and is 1.84 eV, for the parameters required by Eq. ͑11͒ are independent of gas temperature in our experimental range and assume the values obtained in the above subsection. The electron mean free path length at arbitrary gas temperature T gas is derived from Eq. ͑10͒, expressed at atmospheric pressure and room temperature T r , and it is shown as follows:
Now substituting Eq. ͑15͒ into Eq. ͑12͒, we found that the electrical breakdown voltage is inversely proportional to the gas temperature, as the experimental data illustrated in Fig. 4 show, that is,
where the thermalization form factor is calculated to be 15.5 from Eq. ͑14͒ at the electron temperature of 1.84 eV. Then we plot the electrical breakdown voltage V B versus the gas temperature T gas by putting the following values obtained previously into Eq. ͑16͒: a = 0.32 cm ͑the thickness of the periphery discharge layer on the inner electrode ␦ = 0.12 cm is taken into account͒, b = 0.95 cm, T e = 1.84 eV, T r = 300 K, n 0 = 2.5ϫ 10 19 cm −3 , He = 5.5ϫ 10 −16 cm −2 , and = 15.5. As illustrated in Fig. 4 , the solid line thus obtained from Eq. ͑16͒ is consistent with the experimental data satisfactorily.
C. Electrical breakdown characteristics in admixture of reactive gases
For various material processes with plasma, the reactive gases such as oxygen, nitrogen, and other gases are usually admixed in the working gas to provide chemical radicals energized by plasmas. Investigation of the electrical discharge characteristics with admixture of reactive gas in working gas lays in numerous gas discharge applications as addressed in the Introduction. In this section, we carry out the theoretical analysis of the electrical breakdown characteristics by employing Eq. ͑6͒ derived in Sec. II when the helium gas is mixed with nitrogen and oxygen gas, respectively, and compare the theoretical results with experimental data.
When two gas are mixed together, it is convenient to introduce mole fraction which is proportional to the partial pressure ratio as follows:
The mean free path length e of electrons in the mixed gas of helium and additive component gas X is inversely proportional to the product of the averaged scattering cross section and the neutral number density. It is given by
where He and X denote the scattering cross sections of helium and foreign additive gas X, respectively, and n 0 = 2.5ϫ 10 19 cm −3 is the neutral density at one atmospheric pressure and room temperature. By introducing the relative ratio X+He of the scattering cross sections,
the mean-free path length of electrons is expressed as
The tabulated experimental data in the literature [19] [20] [21] show that the scattering cross sections of helium and oxygen molecules are almost independent of electron temperature T e in its variation ranges from 1 eV to 2.3 eV and given as He = 5.5ϫ 10 −16 cm −2 and O 2 = 7.5ϫ 10 −16 cm −2 ; the scattering cross section of nitrogen molecules is averagely taking the value of 1.0ϫ 10 −15 cm −2 below the electron temperature of 1.8 eV, that is, N 2 = 1.0ϫ 10 −15 cm −2 . Then substituting these values into Eq. ͑19͒, the relative ratios are O 2 +He = 0.364 for oxygen gas mixed in helium gas and N 2 +He = 0.82 for nitrogen gas mixed in helium gas, respectively.
The ionization coefficient of helium component in the mixture of helium and the foreign gas X is given in the form of Eq. ͑9͒ at its partial pressure ͑1−͒ · p, and the ionization contribution of the reactive gas X, oxygen or nitrogen in our experiment, is also described by Eq. ͑9͒ at its partial pressure · p with the parameters given by q O 2 = 5.9ϫ 10 −18 cm 2 / eV, O 2 = 12.1 eV, q N 2 = 7.2ϫ 10 −18 cm 2 / eV, and N 2 = 15.57 eV, respectively. 17 Thus the total ionization coefficient of the mixture of the helium gas and the foreign gas X is given by
where ␣ He represents the term of ionization contribution by helium component and ␣ X is the corresponding term of oxygen or nitrogen component in our experiments. The attachment loss term in electron negative gas such as oxygen is to be included in Eq. ͑6͒. The capture of an electron by an oxygen molecule to form a stable negative ion involves the transition of an electron from a free ͑continuum͒ state to a bound state of the resulting negative ion, with an attendant release of energy. For the case of radiative attachment the electron makes a radiative transition from the free to the bound state and the emitted photon carries off the excess energy of the reaction. However, compared with other attachment processes the rate of radiative attachment is too small to be considered. There are two other attachment processes involving radiationless electron capture of interest for oxygen. In these processes there is an intermediate, unstable negative-ion state formed. The dissociative attachment of electrons to oxygen molecules has been shown to be very important at electron energies of several eV. This process may be expressed in the reaction form as Electrical breakdown characteristics… Phys. Plasmas 12, 093504 ͑2005͒
where the intermediate unstable state dissociates into a stable atomic negative ion and an atom. The experimentally measured curve of the attachment cross section versus electron energy shows that for the oxygen molecules the threshold for dissociative capture occurs at an energy of 4.5 eV, the peak of curve is at 6.5 eV, and the curve spreads in the narrow range from 4.5 eV to 9.5 eV. 22 Hence the approximate analytical form of the attachment coefficient at this range is derived by employing the ␦ function of the attachment cross section for the mole fraction of the added oxygen component as follows:
where A is the area of the curve equal to 3.13 ϫ 10 −18 cm 2 eV and the electron energy at the peak of the curve att = 6.5 eV. As far as the appreciable electron attachment rate at lower electron energies of several tenths of eV is concerned, Bloch and Bradbury proposed a two-step process involving an electron, an oxygen molecule, and the other atoms or molecules, in which a low energy electron collided with a neutral oxygen molecule in its ground ͑ =0͒ vibration state, leading to formation of a negative ion in an excited ͑ =1,2, ...͒ vibration state. The second step in the attachment process involves the removal of the vibration energy by a third body. Hence, the Bloch-Bradbury process is a threebody reaction, i.e.,
where the Y denotes the third body. In helium gas mixed with a small amount of oxygen, it is the helium atoms or oxygen molecules which act as third body stabilizing the attachment reaction in Eq. ͑24͒, and the corresponding attachment coefficient ␤ l at the mole fraction of the added oxygen component is given by
The experimentally measured coefficients K O 2 and K He in Eq. ͑25͒ for various E / p values are presented in the literature, 23 and the electron drift velocity d at the given E / p value can also be found there. As a consequence, the total attachment coefficient is the summation of two attachment contributions, that is,
͑26͒
where the attachment coefficient ␤ l is the quadratic function of the mole fraction expressed by Eq. ͑25͒ and the attachment coefficient ␤ h is linearly dependent of the mole fraction represented by Eq. ͑23͒. Hence, at low concentration of oxygen, the two-body reaction described by Eq. ͑22͒ predominates over the attachment process, whereas at high oxygen concentration, the attachment due to the three-body reaction as shown in Eq. ͑24͒ becomes comparable with that of the two-body reaction.
Then, for the case of helium gas mixed with oxygen at the mole fraction , substituting Eqs. ͑7͒, ͑21͒, and ͑26͒ into Eq. ͑6͒ and carrying out straightforward manipulation, the formula that determines the electron temperature T e at electrical breakdown occurrence is obtained as follows: 
The ratio of the thermal velocity to the drift velocity is eliminated with the aid of the aforementioned relation, th / d = 1.25, and the thermalization form factor takes the previous value, i.e., = 15.5, which is calculated by Eqs. ͑11͒ and ͑14͒ with the radius of inner electrode a = 0.2 cm, that of outer electrode b = 0.95 cm, and the coefficient d c = 0.25 given in the previous section. Furthermore, we have d = 3.2ϫ 10 6 cm/ s and K He =2ϫ 10 −32 cm 6 / s, and estimate that K O 2 / K He = 4400 from the literature. 23 Then putting these values into Eq. ͑27͒, we plot the curve of the electron temperature T e versus mole fraction of oxygen to helium in Fig. 5 . It is noticed that the electron temperature T e increases in a monotonic manner from 1.840 eV to 2.153 eV with the mole fraction increasing from 0.0% to 0.6% due to the electron attachment in oxygen molecules. And it is worthwhile to compare the attachment process due to high energy electrons with that for low energy electrons because the twobody reaction of Eq. ͑22͒ produces the atomic oxygen radicals whereas the low energy electrons react with oxygen molecules as in Eq. ͑24͒ and generate negative molecule ions. The ratio of these two attachment-coefficients ␤ h / ␤ l is calculated and presented in Fig. 6 to investigate their relative FIG. 5 . Plot of electron temperature at electrical breakdown with respect to mole fraction of oxygen gas added to helium at room temperature and atmospheric pressure with total gas flow rate equal to 10 lpm calculated with Eq. ͑27͒ in which the geometric sizes are the same as that in Fig. 4 .
contribution. As illustrated in Fig. 6 , the ratio is always bigger than unity and approaches unity as the mole fraction of oxygen increases, which means that the two-body attachment process prevails over the three-body attachment process, so the large amount of atomic oxygen radicals is generated in the source which plays important roles in the various applications, such as ashing, oxidation, sterilization, etching, etc. Furthermore, the electrical breakdown voltage V B is obtained in terms of mole fraction from Eq. ͑12͒ with Eq. ͑20͒ taken into accounts as follows:
where the mole fraction dependence of the electron temperature T e has been obtained with Eq. ͑27͒ and illustrated in Fig.  5 ; the geometric size of the plasma source is identical to that in Sec. IV B; and the other parameters are the known values. Hence the electrical breakdown voltage is calculated with Eq. ͑28͒ and shown with solid line in Fig. 7 and the rectangular marks are experimental data obtained at room temperature with the radius of inner electrode a = 0.2 cm and that of outer electrode b = 0.95 cm. It is noticed from Fig. 7 that the theoretical results agree remarkably well with experimental data. The breakdown voltage in our experiment increases appreciably as the oxygen mole fraction increases, and at mole fraction exceeding 0.6% the arc discharge occurs at the edge of the gas effluent end of the cylindrical electrodes, so our experimental data are exhibited only from 0 to 0.6 % and compared with theoretical analysis. In the case that helium gas is added with nitrogen gas at the mole fraction , the total ionization coefficient is the summation of the ionization coefficient of helium component at its partial pressure ͑1−͒ · p and that of nitrogen component at its partial pressure · p, as illustrated in Eq. ͑21͒. Then, putting Eqs. ͑7͒ and ͑21͒ into Eq. ͑6͒, we obtain the following expression for determination of electron temperature T e at electrical breakdown occurrence, with the similar method to obtaining Eq. ͑27͒ except that there is no attachment electron loss, that is,
in which the required parameters are all available and given before. The curve of the electron temperature versus the mole fraction is calculated and shown in Fig. 8 . Contrary to the case of oxygen mixed in helium, the electron temperature declines with the mole fraction increasing due to the additional ionization contribution by nitrogen molecules and the absence of electron attachment occurrence. However, the experimental data denoted by rectangular marks in Fig. 9 show that the breakdown voltage V B increases with mole fraction increasing. The added foreign gas, nitrogen, alters the elec- Plot of the rms value of electrical breakdown voltage versus the mole fraction of oxygen gas added to helium at room temperature and atmospheric pressure with the total gas flow rate equal to 10 lpm and the geometric sizes identical to that in Fig. 4 in which the rectangular marks denote the experimental data and the solid line represents the numerically calculated results with Eq. ͑28͒.
FIG. 8.
Plot of the electrical breakdown electron temperature with respect to the mole fraction of nitrogen gas added to helium at room temperature and atmospheric pressure with total gas flow rate equal to 10 lpm calculated with Eq. ͑29͒ in which the geometric sizes are the same as that in Fig. 4 .
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Electrical breakdown characteristics… Phys. Plasmas 12, 093504 ͑2005͒ tron mean free path length due to its large total scattering cross section. Hence, the increasing tendency of breakdown voltage variation with the mole fraction of the added nitrogen gas in helium is mainly attributed to the fact that the electron mean free path length is inversely proportional to the mole fraction by means of the relative ratio N 2 +He of the scattering cross sections as in Eq. ͑20͒. The electrical breakdown voltage can be also numerically calculated with the aid of Eqs. ͑12͒ and ͑20͒, that is, V B = n 0 He · a ln͑b/a͒ · T e ͑͒ · ͑1 + · N 2 +He ͒, ͑30͒
where the electron temperature is obtained from Eq. ͑29͒ and its results are illustrated in Fig. 8 . For the experiment is implemented in the same plasma reactor as before at room temperature and atmospheric pressure, the electrical breakdown voltage can be evaluated at the given mole fraction by Eq. ͑30͒ with the parameters given previously. The calculated results denoted by the solid line are presented in Fig. 9 together with experimental data, indicating that they are in good agreement. The experimentally varying range of the mole fraction of nitrogen component in helium gas is also limited by the occurrence of arc discharge at the edge of the gas effluent end of the cylindrical electrodes.
In the mixture gas of helium and nitrogen it is the scattering effect of nitrogen molecule on the electron drift that impose the greatest influence on the electrical discharge, which is included and described in the mean free path length in Eq. ͑20͒, whereas in mixture gas of helium and oxygen not only does the scattering by oxygen molecule come into play as the nitrogen molecules do in the helium gas, but also the electron attachment process for oxygen molecules plays the most important role in electrical discharge occurrence as aforementioned, which leads to the higher electrical breakdown voltage in the mixture gas of helium with oxygen than that in the mixture gas of helium with nitrogen.
V. CONCLUSIONS
The electrical breakdown phenomenon in the rf capacitive plasma source consisting of the electrodes of coaxial cylinders at atmospheric pressure is investigated by the diffusion-controlled breakdown mechanisms with respect to the geometry size of the source, the gas temperature, and the mixture of the reactive gases, oxygen and nitrogen, in helium. The theoretical model describes the experimental data very well. It is found that selecting a suitable geometric size of the plasma source and heating the gas moderately can enhance the electrical efficiency for generation of nonequilibrium plasma at atmospheric pressure and raising electron temperature will effectively produce the atomic oxygen radicals in the rf capacitive plasma source when the oxygen gas is mixed in the working gas. FIG. 9 . Plot of the rms value of electrical breakdown voltage versus the mole fraction of nitrogen gas added to helium at room temperature and atmospheric pressure with total gas flow rate equal to 10 lpm and the geometric sizes the same as that in Fig. 4 in which the rectangular marks denote the experimental data and the solid line represents the numerically calculated results with Eq. ͑30͒.
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